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The results of several free-flight investiga-
tions, in which the thermal protection was provided
by either a subliming ablator or by transpiration
cooling, are discussed. The flight-test regime
covered an altitude band from about 177,000 feet to
25,000 feet and peak velocities ranged from
3,900 feet per second to 22,200 feet per second.

Summary

The similarities between subliming ablators
and transpiration cooling are described and it is
shown how the effectiveness of ablation materials
can be predicted accurately from transpiration data.
This analytical procedure permits direct comparison
of the two types of heat protection and allows
extrapolation, based on low-speed transpiration
data, of ablation material effectiveness to super-
circular velocities.

Introduction

Mass injection, either by ablation or transpi-
ration, can reduce the net heat transfer from the
hot-gas stream in the boundary layer to the surface
by an appreciable amount. In addition, mass injec-
tion at a leading edge or stagnation point offers
protection to surfaces downstream by the film-
cooling process. In the past, numerous ground tests
have been conducted employing these cooling systems.
Since the simulation of actual flight conditions in
ground facilities is seldom achieved (e.g., dupli-
cating the conditions a spacecraft would encounter
upon reentering the earth's atmosphere at super-
circular velocities), the Langley Research Center
initiated a flight-test research program that would
provide information in an actual flight environment.

The investigations were conducted employing
solid-fuel rocket-propelled vehicle systems. The
number of rocket stages used varied from three to
five depending on the performance required for each
individual experiment. One of the vehicle systems
utilized the NASA developed Scout booster.

The results of several free-flight investiga-
tions, covering an altitude range from 177,000 feet
to 25,000 feet and peak velocities of 3,900 feet
per second to 22,200 feet per second, are discussed.
Thermal protection in these experiments was provided
by either subliming ablators or by transpiration
cooling. Furthermore, it is shown how the material
effectiveness of subliming ablators may be deter-
mined, simply and directly, from transpiration
cooling results. This permits direct comparison
between the two types of heat protection and, more
significantly allows extrapolation, based on low-
speed transpiration data, of ablation material
effectiveness to supercircular velocities.

Symbols
cp specific heat, Btu/l1b-OF

L-3570

ratio of coolant mass-flow rate to local
alr mass-flow rate

£ fraction of vaporization

H enthalpy, Btu/lb

hore effective heat of ablation

hoy material intrinsic heat capacity, Btu/lb

m ablation rate, 1b/(sq ft)(sec)
temperature ratio exponent

Ngt Stanton number

q heat-transfer rate, Btu/(sq ft)(sec)

T temperature, °F

Subscripts:

aw adiabatic wall

c coolant

1 local (just outside of the boundary

layer)

0 zero injection or uncoocled case

W wall

w,air air at wall temperature

Models and Instrumentation

A typical model design used to investigate
both transpiration and downstream cooling is shown
in figure 1. The particular configuration shown is
a solid conical body having a blunt nose cap made
of porous stainless steel. Nitrogen gas is released
from the accumulator at a predetermined time during
the flight test. The nitrogen coolant flow rate is
determined from measurements of the pressure differ-
ential across the porous nose and the pressure and
temperature of the gas in the nose chamber. Thermo-
couples are spotwelded to the back side of the
porous nose cap and of the conical afterbody to
measure the heat transfer with coolant injection
through the porous nose.

A typical Teflon ablation model, instrumented
with variable-capacitance ablation rate sensors, is
shown in figure 2. The variable-capacitance abla-
tion rate sensor which continuously measures the
ablation rate of Teflon was developed by NASA.
Details of the design, construction, and calibra-
tion technique are given in reference 1; the sensor
is shown schematically in figure 3.




Test Regime

Figure 4 is a plot of the test regime for the
flight investigations. The altitude band covered
by the different flight tests ranged from about
25,000 feet to 177,000 feet and the peak velocities
ranged from 3,900 ft/sec to 22,200 ft/sec. The
corresponding enthalpy range was approximately
190 Btu/lb to 10,000 Btu/lb. The dynamic pressure
varied from 100 1b/ft2 to 7,000 1b/ft2 and the free-
stream Reynolds number per foot varied from
0.5 x 10° to 6 x 106.

In addition to the flight tests a number of
ground tests were conducted in a Mach number 2.0
ethylene heated high-temperature air jet. The
Reynolds number range based on 1 foot varied frem
about 12 X 106 at a stagnation enthalpy of
250 Btu/lb to 2 x 100 at a stagnation enthalpy of
800 Btu/lb. The dynamic pressure was approximately
5,200 1b/ft?2,

Transpiration Cooling Results and Analysis

The results of two flight tests and a number

of ground testsg’5 utilizing the technique of tran-
spiration cooling, are summarized in figure 5 where

the shielding effect ratio is expressed as

Nst 0

2
a function of the nondimensional flow-rate parameter
n
c

F —ELS(EL> . The lower curve of figure 5 shows
NSt,O cp,Z Tw
the experimental free-flight results to a maximum
velocity of 10,400 ft/sec taken from reference 2
where large rates of nitrogen were used for the
coolant. Also shown are the theoretical results
for relatively moderate rates of mass injection from
reference 4 for a three-dimensional laminar stagna-
tion boundary layer. The theoretical results of
reference 4 were for several values of TI/Tw

ranging from 1/2 to U; the authors of reference 5,
however, correlated the results by including the
temperature ratio in the nondimensional flow-rate
parameter with n equal to 0.19. The flight data
of reference 2, with large rates of mass inJjection,
correlate well with theory for relatively moderate
rates of mass injection also by including the tem-
perature ratio in the nondimensional flow-rate

7,1\0:19
parameter. The ratio (Tl> for the experi-

W

mental flight data of reference 2 extended over a
range from 1.45 to 1.66. Examination of the experi-
mental flight data shows a significant heat-transfer
reduction due to transpiration cooling. The experi-
mental results shown in figure 5 provide an exten-
sion of existing theory to large rates of mass
injection.

The upper curve of figure 5 represents the
theoretical results for a turbulent boundary layer
computed from the relation (obtained from ref. 6
for Tl/Tw = l)

F_ ‘pe

Ns¢  Bst,0 ps
Nst,0 exp< F EELE) o

Nst,0 ©p,1

Also shown are the experimental results from ref-
erence 3 in free flight to a maximum velocity of
3,910 ft/sec and also in a Mach 2.0 ground test
facility. The turbulent results from both the
ground and flight tests were correlated in a similar
manner, as cited previously, for the laminar results
by including the temperature ratio in the nondimen-
sional flow-rate parameter. The value of n for
the turbulent results was found to be equal to 1.3.

Figure 6 shows the varlation of the downstream

Ty - Te
cooling temperature parameter -———— as a func-
aw = “c
o, ¢
tion of the flow-rate parameter —2_ for two
Nst,0 p,1

tests. The center curve of figure 6 shows the free-
flight test results to a maximum velocity of

6,020 ft/sec from reference 2, for a laminar boundary
layer with a zero pressure gradient. The upper
curve, included for comparison, represents the data
of reference 7 for a turbulent zero-pressure-
gradient boundary layer in a Mach 2.0 ground test
facility. Comparison of the results for the two
types of boundary layers indicates that, for the
same coolant flow rate, lower surface temperatures
are achieved in a laminar boundary layer with down-
stream coocling.

The lower curve shown in figure 6 represents
the theoretical results for a porous wall in a tur-

bulent boundary layer.6 Examination of the curves
shows that for the same flow rate of coolant, lower
wall temperatures will result on the completely
porous wall. Under certain conditions, however, it
is possible to maintain solid surfaces at a safe
temperaturce level and use less coolant with a down-
stream cooling system, since the maximum allowable
temperatures of porous materials are generally a
great deal lower than for solid materials.

Ablation Results and Analysis

The effectiveness of subliming ablation materi-
als can be derived simply and directly from tran-
spiration cooling results, since the cooling mecha-
nism of this category of ablation materials is
analogous to transpiration cooling. Once the rela-

n
c
F 2:C Tl> is
St,0 Ngt,0 Sp,1\'w

known from transpiration data the effective heat of

and

tionship between

ablation hgpe can be determined. The transforma-
tion relationships are:
hery - NSt,O (1)
hoy Ngt

n

- F Cp,c<TZ>
f(Haw - Hw,air><cp,c><fl> _ NStzO cp!l Ty (2)
T

1 Nt

hoy p,1

Nst, 0

where the terms on the right-hand side of the equa-
tion are the pertinent transpiration parameters.

Hence, the transformation relationships enable the
solution of hepy in terms of the enthalpy differ-

ence across the boundary layer (Haw - Hw,air) and
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hoy, the intrinsic heat capacity of the material,
which is defined as the absorbing capacity of a
material prior to ablation. The factor f 1is the
fraction of melt that vaporizes for a melting-
vaporizing ablation material. For the present
results, f 1is equal to 1.0, since this paper deals
only with subliming ablators. However, the above
relationships should also apply to materials in the
melting~vaporizing class upon inclusion of the per-
tinent material property values. Including the

p,c
‘p, 1
shielding results for any coolant to be used in the

transformation. Furthermore, including the tempera-
ture ratio Tl/‘l‘w in the above relation permits

specific heat ratio in equation (2) permits

shielding results with any temperature ratio to be
used in the transformation where the exponent n
varies according to the boundary-layer type. Fig-
ure [ shows the effective heats of ablation curves
obtained from theoretical transpiration data of
references 4, 6, and 8 for several boundary-layer
types. .These curves were first presented in
reference 5.

As pointed out above, once the shielding rela-
tionship is known from transpiration results, the
ablation parameters can be derived by the trans-
formation procedure. Figure 8 shows the curves for
the effective heats of ablation as a function of the
enthalpy parameter for a three-dimensional laminar
stagnation boundary layer and also for a turbulent
zero-pressure-gradient boundary layer shown pre-
viously in figure 5. Also shown are the results
from four ablation flight tests. The vertical
dashed lines shown in the figure represent the data
from two flight tests in which identical results
were obtained. The crosses represent the five-stage
Scout data. The slanted lines represent the data of
reference 9. The velocity variation covered by the
ablation tests was from approximately 5,000 ft/sec
to 22,200 ft/sec. The values of hepe for the
ablation tests were computed from the relation

q
hepp = —
m

vwhere 49 is the heat transfer to a nonablating

surface having the same temperature as the ablating
surface. The value of hgy used in the computa-
tions was equal to 900 Btu/lb for Teflon. All of
the experimental ablation results were successfully
correlated with theory for a three-dimensional
laminar stagnation boundary layer; for purposes of
clarity, however, some of the ablation test data has
been displaced from the theory curve.

Figure 9 shows the effective heat of ablation
as & function of the enthalpy parameter obtained
from the transformed transpiration data of refer-
ence 2. Also shown are the ablation flight tests
along with theory for a three-dimensional laminar
stagnation boundary layer. Since the value of the
enthalpy parameter from transformed transpiration
data is proportional to the mass injection rate,
large rates of mass injection for a transpiration
test would simulate a high flight velocity for an
ablation test wherein the mass injection rates are
relatively low. Although the transpiration flight
test of reference 2 was conducted to a maximum
velocity of only 10,400 ft/sec, since large rates
of mass injection were used, the transformed results

permit an extension of theory to supercircular
velocities.

The following conclusions are based on the
results of several free-flight investigations
wherein the thermal protection was provided by
either a subliming ablator or by transpiration
cooling:

1. The analogous behavior of subliming ablators
to transpiration cooling permits direct comparison
of these two types of heat protection.

2. Since the effectiveness of ablating materi-
als is proportional to the mass injection rate and
the vehicle velocity, extrapolation of the transpi-
ration cooling effect based on relatively low-speed
transpiration data, wherein high mass ejection rates
were used, permits the prediction of material effec-
tiveness to supercircular speeds.
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